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“New York Times, July 5, 2012

Physicists Find Elusive Particle Seen as Key erse

Scientists in Geneva on Wednesday applauded the discovery of a
subatomic particle that looks like the Higgs boson.
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Decades of Theory

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON
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A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of
the Higgs boson, we give a speculative cosmological argument for a small mass. If its g3

ticles: 3.7 - 3.1 + H with a branching ratio O(10™~%). If its mag
boson may be visible in the reaction pp - H+ X, H— uh
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Decades of Effort
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We discovered a Higgs boson!
 The Standard Model is very predictive (testable!)

* Only free parameteris M, CMS
-

Laras

Vi 8 e |1 A 2

__o. ] . E=7TeV fLot=46-48 7
=8 TeVv, fJLat = 13-20.7 bb 2.20 2,10

SMepecsd
e N TT 3.40 3.60

S “ | Both ATLAS and CMS have
.20 | close to 100 significance

Probability of 10 o event being

random is 1023 6
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Important Higgs Facts:

e Higgs couplings are proportional to
Mass:
— Higgs coupling to top is m,/v
— Higgs coupling to W is gM,,,
* Predict experimental quantities in
terms of Higgs mass:
— A consistent framework for calculations
— Without the Higgs, M,, prediction
would be infinite |
— My =(known stuff)+(....)m32/M,,2+ |
(...)log(M,%2/M,?)

S. Dawson



Precision Physics Before Higgs Discovery

. N Experimental
. T 1T | T 1T I T T | T 17T | T 1T | T 17T | LI | T 1T T
: O LEPEWWG (2011) 68% CL (excluding m,: m'op & direct Higgs exclusion) :/ m e a S u re m e n tS
~ .2 68% CL (by area) m, (2009), m,_ Geﬁ .
60 45 [ O C-OyaraIm, Core) m from Fermilab
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top

Self-consistency of the theory told us the Higgs
couldn’t be too heavy without new physics
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Data Consistent with SM Hypothesis

Combined

n=080+0.14

H— bb (VH tag
H— bb (ttH tag

H — vy (untagged
H— vy (VBF tag
H— vy (VHtag
H— WW (0/1 jet
H— WW (VBF tag
H— WW (VH tag
H— 1t (0/1 jet
H— 1t (VBF tag
H— 1t (VHtag
H— ZZ (0/1 jet
H— ZZ (2 jets

)
)
)
)
)
)
)
)
)
)
)
)
)

ys=7TeV,L<51fb" {s=8TeV,L<19.6 fb"

CMS Preliminary m,=125.7 GeV

Poy = 0.94 -I-.—
i

—
—.

4

i

2
Best fit o/csS

/

4
M

Couplings to both
fermions and gauge
bosons observed with
rates which are consistent
with predictions

CMS : Data/theory = 0.80+ 0.14
ATLAS : Data/theory =1.23+ 0.18

Lots of theory dependence in the denominator!

S. Dawson 9




Higgs Couples to Mass!

* Very precise predictions
— Couplings to fermions proportional to mass
— Couplings to gauge bosons proportional to mass
— Higgs self-couplings proportional to M, 2

CMS Preliminary ys=7TeV,L<51fb" {s=8TeV,L<196f"
N T T T T T T L AR L

Q§ | ! I L
> | |=68%cCL ] .
S | |—eswcL t, Couplings must
S wZ.4 ] . )
X 11 |have this pattern if
o S ; model is correct
10‘2;— I{ | *t coupling inferred from
e : ggh top loop production
{2345 10 20 100200 rate
mass (GeV)

S. Dawson 10



What We Know

> 03— 7V 1
H->vy: R —Data

YY 2025 ﬁTiAYSy | —E)F’io+ ]
. ] % 0.2:7 Vs=8TeV ﬁ_dt=20.7fb ---#_Zg%) ]
- H is electrically neutral : 02 | R
- His likely to be spin-0 =0 it ]
- H cannot be spin-1 (Yang’s theorem) ! - ]
. . 0.05F .

- H can be spin-2 (disfavored) : y
950 5 70 15
q

H->Z2Z, WW-:

- Quantum numbers consistent with Higgs
giving mass to W and Z

PO, Z" — h < h>ZFZY
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Needed Something like a Higgs

* The Higgs particle interactions need to explain
— Non-zero mass of W and Z gauge bosons
— Non-zero mass of fermions
— Consistency of low energy measurements

* The theory would give infinity without a Higgs-like object
* Precision electroweak data (such as the Tevatron

measurement of the W mass) is consistent wit

n SM

So the fact that the observed Higgs
particle looks SM-like is no surprise

S. Dawson
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The SM can’t be complete

* |t doesn’t explain:
— Neutrino masses
— The pattern of fermion masses
— Dark matter

— Baryon asymmetry

If new physics explains any of this, how do we
get a handle on the relevant energy scale?

The bottom line: The Higgs boson looks SM like and we
haven’t found any other new particles.....but we expect
them soon......

S. Dawson
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The Future Precision Higgs Program

* Higgs Properties
— Mass/width (Mass is a free parameter; width is predicted)
— Spin-parity (predicted)
— Couplings (predicted)

e Search for new Higgs-like particles

We are entering the next discovery
phase of Higgs physics

fl 125Gev

oF 0N mn s @D
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How Rare is a Higgs?
 The LHC has made:

Ly l 100 b quark pairs [

108 W bosons

107 Z bosons

10 top quark pairs
10~ Higgs bosons

1 Higgs for every 100,000 b quark pairs

S. Dawson



M, =125 GeV Ideal for Experiment

Higgs BR + Total Uncert

10°—
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1 | 111
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| I |
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180 200
M, [GeV]

S. Dawson

Can measure many
decay channels

Most of the time the
Higgs decays to b
quarks

Have observed the
rarer decays

(yy,TTt, WW,Z2)

Need more data!

16




Where does the Higgs go?

B CC

wvvqq
m bb
mi=T
mllgg

lvaq
B vy

m4l
v v
B 1T

u vy



Coupling deviation from SM

What we hope for

If we measure a large deviation
of a Higgs coupling from the SM,
can we associate it with a scale of
new physics?

Proof by exhaustion

For this to work, we have to
understand the SM first

(Remember precision
Scale of new physics measurements at LEP!)

S. Dawson 18



Precision Higgs Production

Theory uncertainties in Higgs production at 14 TeV

—m | Total (linear sum)

+12, -8% +7% +20, 15%
tth +6, -9% 9% +15, -18%
VBF +.7, -.4% +2, -2.6% +3%
VH +.3, -.6% +4% +4%

Need to improve SM calculations and their inputs (especially
PDFs) as we enter a new era of precision Higgs physics

t T fusion

HO
q wz
ion

g g fusion



Precision Measurements vs Direct
Observation of New Particles

* Isthere a clear answer to how precisely
we heed to measure Higgs couplings to
get insight into new physics?

* If new particles are excluded to some

scale, what does that tell us about the
target for measuring Higgs couplings?

Report of Snowmass Higgs Working Group, Dawson, Gritsen,
Logan, Qian, Tully, van Kooten, arXiv: 1310.8361

S. Dawson 20



Measure Deviations from Predictions
Current LHC measurements constrain Higgs
couplings to ~20-30% deviations from predictions
Scale Higgs couplings by fudge factors,

— Kk (=1 in Standard Model)

Look at 10 year plan (300 fb™!) and 20 year plan
(3000 fb)

J

((&())) \’\l\rl\)
) - |]\'|
Example: '?:""\EG\
S Bl
gg%H%yy <\<{i “14

S. Dawson
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LHC Coupling Projections

e Different scenarios assumed by CMS and ATLAS
— ATLAS: with and without theory error (same syst.)

— CMS: (a) Same systematics as today and (b) systematics scales
as 1/VL and theory error halved

K, K, K, K, K, K, K_ K,, K,

300fb' ATLAS [8,13] [6,8] [7.8] [8,11] Na [20,22] [13,18] [78,79] [21,23]
CMS [57] [46] [46] [6,8] [10,13] [14,15] [6,8] [41.41] [23,23]

3000fb" ATLAS [59] [4.6] [46] [57] Na [810] [10,15] [29,30] [8,11]

CMS [2,5] [2,9] [24] [3,9] [4,7] [7,10] [2,9] [10,12] [8,8]

ECFA, 2013

Ultimately, 2-5% measurements

22 S. Dawson



How well do we NEED to measure
Higgs Couplings?

e LHC measures 0-BR (products of couplings)

Ot order answer: We found a new particle which we
hypothesize is the quanta of EWSB. We want to measure

couplings as precisely as possible

15t order answer: Let’s see what kind of deviations we
might expect in reasonable scenarios

e To be sensitive to deviation A, need to measure to A/3 or A/5

S. Dawson
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Additional Higgs Singlet

 Models to explain dark matter, flavor often have more than
1 Higgs boson

— Simple example: SM Higgs mixed with electroweak singlet, S

SM
/ Coupling to light Higgs, h ~ cos 0

_______ \ Coupling to heavy Higgs, H ~ sin 0
SM

* Universal rescaling of Higgs couplings, k.=x,=cos 0

Measure Higgs couplings and/or look for heavy Higgs

S. Dawson 24



Complementary Approaches

* Find the heavier Higgs and/or measure deviations in
couplings
 What is largest sin 0 such that we won’t see H (heavier
Higgs) at LHC with 100 fb-1?
— For M,;=1.1 TeV expect 13 signal events, 7 background
(S/VB~5)
— To see new physics (without observing H) need (sin 6)? < .12

sin® 6
2

Target precision: §x ~ — ~ —6%

[Gupta, Rzehak, Wells, arXiv:1206.3560]

S. Dawson 25



Some Possibilities

* Assume new physics (M) is at 1 TeV:
— Typical effects on Higgs couplings 0k~(M,/M)?
— The pattern of deviations is what pinpoints new physics

Model by, b o bk

Singlet Mixing ~-6% ~-6% ~-6%
2HDM ~1% ~10%

Decoupling ~-.0001% ~-2%

MSSM

Composite ~-3% -(3-9)%

Top partner ~-2% ~-2%

S. Dawson 26



Big Dreams for the Future

33,70,.....,100 TeV pp collider
250/500/1000 GeV e*e collider (ILC)

3 TeV et*e collider(CLIC)

Up to 10 TeV nw

After the Higgs, no guaranteed discoveries

— But many questions remain suggesting new
physics beyond the SM (flavor, dark matter....)

‘ High energy machines are discovery machines ‘

S. Dawson
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Studies beginning at
CERN and in China

LEGEND

== LHC tunnel

“*  HE_LHC 80km option

S. Dawson

\\
~

Optimal energy for physics not
yet determined

100 km ring with 15 T magnets
gives Vs=100 TeV

Large cross sections for SM
processes and BSM discovery

28



Bread and Butter SM Physics
Large samples of W/Z/top/Higgs at high energy pp

8Tev ~ 14TeVv 33TeV 100 TeV

109 - LHC HE I:.HC VLI':C 4 109
108! : oo 108
107 o 107
10°F ///; 110°
wp ; A
10% 505 : j 4{10°

g 10 110°
.% 107w 4107
104 410

1 11
107 ver4 10"
1024 14 102
10—3% : HH % 103
10*E 1 10"
10— - 10°

Process | 0(100 TeV)/o(14 TeV)
W 7

yA 7
WW 10
tt 33

Physics case for using these large samples is in its infancy

S. Dawson 29



Higgs Properties

* Advantage of hadron machines:

— Large cross sections at high energy pp
Higgs production:

_ VS=14TeV  |vS=33TeV  |vS=100 TeV

50.4 pb 178 pb 740 pb
VBF 4.4 pb 17 pb 82 pb
WH 1.6 pb 4.7 pb 16 pb
ttH .62 pb 4.6 pb 38 pb
HH .034 pb 2 pb 1 pb

[Higgs cross section working group]

S. Dawson



ete Colliders

~~ 2- ]
210 / LG
T 10 F ~ 3
o ttH HZ 3
© - i
© 1F 3
107 3

10-2-| {u [, T R T I TN TN TN T NN TN S S T

0 1000 2000 3000

\s [GeV]

Advantage: Coupling extractions don’t
need assumptions about total width

S. Dawson
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Start with Higgs Couplings

* Compare capabilities for extracting Higgs couplings at CLIC, vy,
ILC, LHC (3000 fb!), 33 TeV LHC, 100 TeV LHC, uC, TLEP

* No value judgement about realities of machine parameters

Facility HL-LHC ILC [LC(LumiUp) CLIC TLEP (4 IPs) HE-LHC VLHC
Vs (GeV) 14,000 250/500/1000 250/500/1000 350/1400/3000 240/350 33,000 100,000
fﬁdt (fb=1) 3000/expt 250450041000 115041600+2500 5004150042000  10,000+2600 3000 3000
ILC 34343
[ dt (107s) 6 3+3+43 ( +3+3) 3.1+443.3 5+5 6 6
4+ 34343

[Snowmass Higgs Working Group Report, arXiv:1310.8361]

S. Dawson 32



Examples of Comparisons

* Redo e*e" fits with SM I, restrictions and 7 parameter fits

Measurement Precision
[T TTTTIT

TTTTT

!

10°

LHC-8TeV
LHC300]
HL-LHC

ILC500|
ILC500-up)|
ILC1000)
ILC1000-upj
TLEP|
CLIC1400
CLIC3000

* This assumption not needed for e*e

S. Dawson
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Does the Higgs come from the SM Potential?

M.’ M.’ M.’
V=—t-H+—XH +—H*
2 2y 8y

* Need to measure HHH and HHHH couplings
 HHH coupling can be measured with HH production

BSM models can change the HHH and
HHHH couplings by factors ~ 10-20%*

*Models are restricted by requiring single H production
to have experimentally measured value



Higgs Self Coupling

9 TOO000 -—-u Y —--H g , JH
t /
t t t _H_<
t \
9000000 ---pg Y —--H g : °

, P - H

e Sensitive to HHH coupling and new particles in loops

* Small rates at LHC:
— bbyy gives 30 with 3 ab? (270 events with 3 ab™)
— 30% measurement of A, with 2 experiments for SM

—with 100 TeV pp

[Guesstimate from Snowmass Higgs Report, arXiv:1310.8361;
Yao, Snowmass study, arXiv: 1308.6302]
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e*e- machines have low rates for HH

a
JN<
T <
(e'e” — HX) [fb]
=)
T
! T
::I
PETTTY EETETRETT B AR TIT

107 — ( E
0 1000 2000 3000
\/s [GeV]
ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
Vs (GeV) 500 500 500/1000 500/1000 1400 3000
f Ldt (fb™1) 500 1600* 50041000 160042500 1500 +2000
P(e ,e") (-0.8,0.3) (-0.8,0.3) (-0.8,0.3/0.2) (-0.8,0.3/0.2) (0,0)/(—0.8,0) (0,0)/(—0.8,0)
o(ZHH) 42.7% 42.7% 23.7% - -
o(vvHH) - - 26.3% 16.7% /x
A 83% 46% 21% 13% 28/21% 16/10%

S~
w Collider O\ < 10% at 6 TeV

S. Dawson



Higgs Width/Mass Measurements
_-

VS (GeV) 250/500/1000 350/1400/3000 240/350
L (fb?) 250+500+1000 500+1500+2000 10,000+2600

AM, (MeV) 32 20* 7
I, 5.6% 4%* 4.3%

. Collider

* w'w collider: Energy scan gives M, I';,  ®°F
— s-channel with 4.2 fb! 550 b4

£ 500 |

AM,, =.06 MeV, AT',,=.18 MeV 2 450 |

Luey=0.025 fb~ T3
HL-LHC AM,=50 MeV S0 oo
03 —015 126 +015 +.03
[Table from Snowmass Higgs Report, arXiv:1310.8361; Vs (GeV)

Figure from Han, Liu, arXiv: 1210.7803]

*New since Showmass S. Dawson



Why We Care About M,
M2

* The Higgs sector is perturbative \ = o2

_ o pe A 174
V=—-LH"+4%H

: Instability | ‘107 | ‘/////:////TE)/S - 1;39:
)\ ~ 137 H 90 G@V S ) g—_ - ]
v - 0
O = : BT
* We can sensibly calculateto <™ S
high scales é il s
— Assuming no new physics! L o
(oX
* |s M, =125-126 GeV special? g ™

Higgs pole mass M, (GeV)
[Buttazzo et al, 1307.3536]
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Are we done? NO

e Standard Model is beautiful and explains Higgs
measurements

— |t doesn’t explain the pattern of masses
* Whyis M
 Why are neutrinos so light?

top>>mbottom ?

— |t doesn’t explain dark matter or dark energy

— Many models proposed to explain various
features

S. Dawson 41



We expect somethlng beyond Higgs

Many possibilities—
most of which
involve new heavy
particles which
could be found at
the LHC



Many Possibilities excluded by LHC

ATLAS Exotics Searches" - 959% CL Lower Limits (Status: May 2013)

T T l T T T T T T T T
Large ED (ADD) - monojet + £, M, (\_._) T
Large ED (ADD) - monophoton « £ M, (d=2)
=2 Large ED (ADD) : diphoton & dilepton, m__ M. (HLZ 5=3, NLO) ATLAS
:_;, UED : diphoton + £, .. Compact. scale R’ Preliminary
= sSYZ, ED - dilepton, m, M~ R
g—f RS1 - dilkepton, m, Graviton mass (k/M,, = 0.1)
= RS1 - WW resonance, m, Graviton mass (K/M_, = 0.1) R
s Bulk RS : ZZ resonance, m,, Graviton mass (kK/M,., = 1.0) de' =(1-20)b
= RS g__— ﬂ (BR-O 925) - tl — lejets, m Q,, Mmass -
[y ADD BH ,=3) . SS dimuon N e M, (.\-G)W Vs =7 8Tev
ADD BH (M IM ,=3) : leptons + jets, ...p
Ouantum black hole : dijet, F (m, S M, (D=B)
Qqqq contact interaction /(m ) A

S qqll C1 - ee & ., A (constructive int )

A(C=1)
ARSIV, 7' mass
1A TeV S mass

A8 Tev ' mass
2865 TeVv W' mass

uutt CI - SS dilepton + jets « Er o

Z'(SSM) —m,,..

Z'(SSM) -m,

N Z' (leptophobic topcolor) - tf = |+jets, rn

o W' (SSM) mv—-.
W'( -tq. g _=1):

W'y (—= tb, LRASM) -m *

Scalar LQ pair (f=1) . kin. vars. in ea|), e\n

Scalar LQ pair (#=1) : kKin. vars. in ), vl

Scalar LQ pair (|’=1) - kin. vars. in ocjj, tvjj

(=] 430 GeV . W' mass

i 1 HE W' mass
.7 TeV [1112.4824) 660 Gev 1 gen. LOQ mass

.7 Tev (1203.3172) 685 Gev 2" gen. LQ mass

.7 Tev (1303 0828) s34 Gev 37 gen. LQ mass

_ ¢ " generation - - Vybwb SS6Gev  t' mass
== 4th generation : b'b' —= bg c‘llep(on + ]ets R b' mass
2% t.—g’ Vector-like quark - TT = Ht+X 2 T mass (isospin doublet)
Veclur like quark : CC,m,__ fA2TeV VLQ mass (charge -1/3, coupling w ., =v/m_)
Excited quarks © y-jet resonance, m - mass
3= E Excited quarks : dijet resonance, H1 Q* mass
.jj KT Excited b quark : W-t resonance, mw‘ (L. 7 11", b mass (left-handed coupling)
Excited leptons © |-y resonance, m, 1" mass (A = m(l7))
Techni-hadrons (LSTC) - dilepton, m,m._" ' P, mass (mip o) - mia) = M)
Techni-hadrons (LSTC) : WZ resonance (W), m P, Mass (Mip ) =mia) +my,, mia ) = 1. 1m(p )
— Major. neutr. (LRSM, no mixing) - 2-lep + jets N mass (m(W,) « 2 TeV)
f__‘f Heavy lirlon N* (type lll seesaw) : Z-l resonance, m, N® mass (IV | = 0.055, IV | = 0.063,1V | =0)
S (DY prod., BR(H;' =l)=1) : SS ee (un), m_ H " mass (limit at 398 GeV for )
Scalar resonance mass

Color octet scalar © dijet resonance, m
Multi-charged particles (DY prod.) : highly ionizing tracks
Magnetic monopoles (DY prod.) - highly ionizing tracks E— .Tn»'-»'- N N Ly sl . . Lt 44
10" N 10 10
‘ Mass scale [TeV]

mass (Igl = 4e)

*Only a selection of the avalable mass limits on new states or phenomena shown

1TeV

The proof by exhaustion school of physics!
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Pinpointing the Scale of New Physics

4__\
/, \\
// i
\
\ 1
\ /
\ /
H H . .
\\ ’,
PRGES ~
7 B o S
- NS - N
- ~ = ~

>

e Higgs mass grows with high scale, A (a priori A=My,))

OMy ~ 125 GeV requires A ~ 600 GeV ‘

* Argument suggests new physics at (?) TeV scale
e |sscalel,2,...10 TeV?

S. Dawson



The Naturalness Connection

* Generically, solutions to naturalness involve new
particles, which lead to deviations in Higgs couplings

A 2
e o 2 2
Q— O Mz (125 GeV) (600 GeV)

SM particles
A 2
___Q._-- SM% ~ +(125 GeV)2< )
Mnew
}
New stuff For this cancellation to work, new stuff

can’t be too much above TeV scale

S. Dawson 45



The Naturalness Connection

* Generically, solutions to naturalness involve new
particles, which lead to deviations in Higgs couplings

MSSM light stops generically

- === <h> . °
% contribute (no mixing):
/ :
5 a(gg — h) (700 GeV)
Ko = ~ 1+ - 3%
New stuff 97 5(g9 — h) |sar = 0

‘Target precision < 3% ‘

As LHC limits on new particles increase,
target precision decreases

S. Dawson



New Physics in Loops

* Might expect to see deviations in loop processes first
— New heavy particles could make large contributions

ATLAS @68% CL

El'l'q'_’lqu"s"l""I""I""I""‘l[‘s"v'l'l""l""—lz

k - 1.04i0.14 o0 2'25 \s =7 TeV [Ldt = 4.6-4.8 fb X Best fit .

& ¥ 2E (s_8TeV Ldt=207 b —68% CL E

kY = 1-20i0-14 1.8~ Combined H—yy, ZZ*, WW* ""95% CL =

1.6_— —

The hope that we can e E

discover new physics by e E

. . . 0.8:— ___________________________________ -

observing large deviations yd E

In Higgs processes Is T e e e
under tension K,

The LHC 14 TeV run should clarify this!

S. Dawson 47



Precision Measurements and BSM Physics

* Precision Higgs measurements can point to the
existence of new physics, but can’t tell you what it is

— SM framework allowed predictions for m, and M,, in terms
of well defined theory and observables

— Different case now: Pattern of deviations from SM can
suggest possibilities, but there is no standard BSM

— In some cases, sensitivity to very high scales, but not
guaranteed

 High energy machines directly produce particles
associated with new physics

S. Dawson 48



If no new particles at LHC

* Effective Lagrangians can be used to describe physics
— Construct interactions which respect SU(2) x U(1) symmetry

— Expand in powers of s/A%: L~ L, +Zf O./A%+ ....
e Effects grow with energy
* Precision measurements of VBF at CLIC, high energy pp

[Electroweak Snowmass Report, arXiv: 1310.6708]
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Neutrinos and the Higgs

* High energy effects of new physics suppressed by
large masses

» Systematic classification of new in terms of 1/A

Ls  Lg
L~ L — 4+ — 4 ...,

* |In the Standard Model, no neutrino masses

— Only one dimension 5 operator

— Effective interactions naturally contain Majorana neutrino
masses

2

Ls = +(Lp) (L) = +(L<h>)(L<h>)=%vv
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Conclusions

e Can we find new physics by precision measurements
of Higgs couplings?

— To start, we have to get SM theory and PDFs under better
control

* | haven’t found examples where lever arm gets you
to multi-TeV scale BSM physics from precision Higgs
measurements

— This argues for searching for direct production of new
particles

 However..... Predictions are always tricky
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My HOBBY: EXTRAPOLATING

AS YOU CAN SEE, BY LATE
NEXT MONTH YOU'LL RAVE
OVER FOUR DOZEN HUSBANDS,
) BETTER GET A
BULK RATE ON
WEDDING CAKE.

S. Dawson




